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1. INTRODUCTION
To date, it is becoming increasingly apparent 
that the creation of  materials for spin 
electronics in the form of  diluted magnetic 
semiconductors (DMS) based on III – V 
semiconductor compounds with a Curie 
temperature of  300 K and higher is very 
problematic [1,2]. Doping with d-elements of  
these semiconductors, which have a narrow 
homogeneity region, leads to the formation 
of  magnetic microinclusions on crystal 
lattice defects of  the synthesized materials. 
In particular, according to the results of  
electron probe microanalysis, the textured 
polycrystals of  indium antimonide doped 
with manganese, InSb<Mn> obtained by 

quenching of  the melt, contained numerous 
inclusions with an increased content of  
manganese of  1 μm or less, located both in 
the grains themselves and at the boundaries 
[3]. It was found later that the places of  
accumulation of  manganese are the exits of  
grain-forming dislocations to the surface of  
the samples and most of  it segregates on 
InSb dislocations [4].

In [5], based on an analysis of  the available 
literature and experimental data, the concept 
of  impurity dislocation magnetism was 
formulated, according to which the majority 
of  the impurity atoms segregate on the 
dislocations of  the semiconductor crystal 
lattice, which determines its electrical and 
magnetic properties. In this work, the task is 
to find the relationship of  the structure and 
chemical composition of  the crystal lattice 
dislocations of  the semiconductor compound 
GaSb doped with manganese with its magnetic 
properties.
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2. EXPERIMENTAL PROCEDURE
In [6] there was studied ferromagnetism of  the 
GaSb compound semiconductor containing 
2% Mn. The starting components used to 
prepare bulk  GaSb<Mn> samples were p-type 
gallium antimonide with a carrier concentration 
p = 2.1·1016 cm–3 and carrier mobility of  2.5·103 
cm2/(Vs) and pure Mn (99.99%).

The starting mixture was heated at a rate of  
200 K/h to 1200 K in a silica ampule sealed off  
under vacuum and  holding at this temperature 
for 24 h.  The resultant alloy was quenched in 
ice water, while the silica ampule was held in a 
vertical position. For study alloy properties we 
used powders  and polished transverse sections 
2×2×5 mm in average dimensions. 

All studies were carried out at the facilities 
of  the centre of  collective usage of  the 
Kurnakov Institute of  General and Inorganic 
Chemistry RAS.

The phase composition of  the samples was 
determined at room temperature on a Bruker 
diffractometer in step scan mode (angular 
range 2θ = 10°–80°, scan step Δ2θ = 0.02°). 
Using Ni-filtered CuKα radiation (λ = 1.5418 
Å), which was decomposed into the Kα1 and 
Kα2 components in X-ray diffraction data 
processing.

The surface of  the polished section was 
examined by scanning electron microscopy 
on a Carl Zeiss NVision 40 Cross Beam 
workstation. The magnetic properties of  
the GaSb (2% Mn) samples were studied at 
4 and 300 K in magnetic fields of  up to H 
= 50 kOe using a Quantum  Design PPMS-
9 automated system. The absolute sensitivity 
in DC- magnetization measurements was 
±2.5·10–5 G cm3. 

3. RESULTS AND DISCUSSION
Fig. 1a shows the X-ray diffraction pattern 
of  the GaSb powder containing 2% Mn. 

Moreover, the X-ray diffraction pattern of  
the powder contains three weak additional 
reflections, indexed as reflections from 
the Mn1.1Sb phase, which has a hexagonal 
structure with unit-cell parameters a = 4.157 
Å and c = 5.757 Å (ICDD PDFcard no. 01-
077-8198). The temperature dependence 
of  magnetization for the powder confirms 
the formation of  the ferromagnetic phase 
Mn1.1Sb with a Curie temperature TC ≈ 560 
K. The decrease in the lattice parameter a 
of  GaSb<Mn> by 0.016 Å can be due to 
the quenching-induced compressive stress 
[6]. 

Indeed, the difference is an order of  
magnitude in the coefficients of  linear thermal 
expansion of  the synthesized material (LTE 
GaSb α = ~ 5·10-6 K-1 [7]) and quartz ampoules 
(TCR α = ~ 0.5·10-6 K-1 [8]) inevitably leads not 
only to a change in the crystal lattice parameter, 
but also to the formation of  numerous defects 
in the crystal lattice of  the semiconductor.

It was found that if  a transverse 
crystallographic section made of  the 
semicircular part of  the obtained ingot 
had a microcrystal microstructure, then a 
section made of  the cylindrical part of  the 
ingot had the microstructure of  a textured 
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Fig. 1.  X-ray diffraction patterns of  the (a) GaSb<Mn> 
powder and (b) a polished transverse section. 
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GaSb (111) polycrystal. The microstructural 
difference between the transverse sections 
is a consequence of  the vertical position 
of  the ampoule with the melt and radial 
heat removal at the quenching moment 
(Fig.  2a).

The formation of  a textured polycrystal 
suggests that grain-forming dislocations are a 
priority type of  defects in the crystal lattice of  
the cylindrical part of  the ingot.

According to [5], this observation is very 
important, since among other defects of  
the crystal lattice in III – V semiconductor 
compounds of  the II – V dislocation, due to 
their exceptional properties — the pronounced 
anisotropy of  the lattice deformation and the 
ability to segregate impurity atoms on them, 
occupy a special place.

The segregation of  impurities on the 
dislocation line occurs as follows. In the 
half-plane zone of  the edge dislocation 
(Fig. 2b), the lattice is in a state of  
excessive hydrostatic pressure, while there 
is hydrostatic rarefaction on the opposite 
side of  the slip plane [9]. If  the crystal is 
at sufficiently high temperatures, when the 

mobility of  the lattice elements is high, 
impurity atoms move to these regions of  
abnormal hydrostatic pressures and impurity 
atoms accumulate on dislocation lines with 
the formation of  Cottrell clouds [10]. 
In this case, impurities deposited on the 
dislocation block its motion, as if  “pinning” 
or, otherwise, fixing the dislocation line at 
some points [11].

According to [9], the boundary between 
grains is considered small angle if  the 
orientational difference between adjacent 
sections of  the crystal is small. In the simplest 
case, the grain boundary is constructed from 
one type of  dislocation, for example, only from 
the edge (Fig. 2a). The areas on both sides of  
the grain boundary are mutually inclined to 
each other, and the edge of  the dihedral angle 
is located along the grain boundary.

If  Θ is the angle of  inclination, D is the 
distance between the exit points of  the 
dislocations and b is the Burgers vector of  the 
dislocation, then for a small angle of  inclination 
we can derive the relation Θ = b/D.

According to the above formula, with 
constant parameters Θ and b, the distance 
between the exit points of  dislocations D is a 
strictly constant value. Strict spacing of  grain-
boundary dislocations ensures strict spacing 
of  segregation points of  dopant atoms at 
dislocations

In our case, from the data of  scanning 
electron microscopy of  the surface of  a 
metallographic thin section, it follows that 
the surface of  the GaSb <Mn> magnetic 
semiconductor consists of  microscopic 
inhomogeneities in the form of  etching pits 
that accumulate in topographic blocks of  a 
triangular shape (Fig. 3a).

According to the results of  topographic 
analysis, microscopic inhomogeneities in 
the form of  straight lines consisting of  
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Fig. 2. Diagram of  the position of  the ampoule and heat 
removal from the melt during quenching of  GaSb <Mn>(a), 
leading to the formation of  a texture with small-angle 

boundaries (b).

Mn SEGREGATION ON DEFECTS OF A GaSB CRYSTALL LATTICE
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etching pits in Fig. 3a are slip planes of  
dislocations. Based on this, it is concluded 
that the occurrence of  linear defects of  the 
crystal lattice - dislocations and their motion 
during quenching of  the gallium antimonide 
melt doped with manganese are the basis for 
the formation of  the microstructure of  the 
magnetic semiconductor GaSb <Mn>.

The result of  scanning the same part of  
the surface of  the sample in X-ray radiation 
of  manganese (Fig. 3b) confirms that impurity 
manganese is mainly contained in these 
topographic blocks, segregating at dislocations.

Thus, the synthesis of  the GaSb <Mn> 
magnetic semiconductor by quenching of  
the melt occurs in two stages. At the first 
stage, dislocations are formed, from which 
topographic blocks of  the microstructure are 
formed, at the second, impurity manganese 
fills empty dislocations.

According to published data, dislocation 
filling of  impurity atoms occurs discretely. 

For example, in [12], significant deviations 
from the Cottrell cloud model were observed 
as a uniform distribution of  impurity atoms 
over cylindrical layers coaxial to the axis of  
the dislocation. The experimental data [13] 
also indicate a discrete character of  carbon 
segregation along the dislocation axis in the 
martensitic alloy with the formation of  a chain 
of  segregation atmospheres with a diameter of  
14 ± 2 nm (Fig. 4a).

The discrete nature of  impurity deposition 
at dislocations was also noted in earlier studies 
of  dislocations in various materials. For 
example, in [14], an image of  AgCl precipitates 
on a visually observed spatial dislocation 
network in a KCl crystal is presented, which is 
characterized by a surprisingly strict periodic 
distance between inclusions from each other 
(Fig. 4b). In this case, the sizes of  inclusions 
and the distances between them are the same 
and amount to 1 μm.

The impurity inclusions of  the quenched 
GaSb <Mn> melt ingot have micron sizes 
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Fig. 3. Electronic (a) and MnKα (b) X-ray surface 
topography of  a GaSb<Mn> metallographic section.

Fig. 4. Impurity distribution along dislocations: a –
distribution of  Fe3C nanoclusters along dislocations in iron 
(image obtained in an atomic force microscope using a three-
dimensional probe); b – precipitates of  AgCl on a visually 
observed spatial dislocation network in a KCl crystal (x 600).



345

RENSIT | 2020 | Vol. 12 | No. 3

commensurate with the diameter of  the 
effective region of  the X-ray excitation of  
the electron probe equal to 1 μm [15], which 
makes it possible to determine the chemical 
composition in each of  the inclusions.

As an example, we consider a chain of  
microobjects at the small-angle GaSb <Mn> 
boundary (Fig. 5a). The Table 1 shows 
the results of  determining the chemical 
composition of  each of  the numbered 
microobjects, from which it follows that 
microobjects 1-4 are the microinclusions of  
manganese and antimony, and microobject 
5 is an empty dislocation exit to the sample 
surface. The data of  Table 1 were plotted 
on the lines of  magnetic transformations 
of  the Mn-Sb state diagram [16] (Fig. 5b), 
which allowed us not only to carry out phase 
identification of  microinclusions, but also to 
determine the type of  magnetism and Curie 
temperature of  each of  them (Table  2). 

Certain values of  the Curie temperature 
are plotted in Fig. 5a. The average Curie 
temperature of  the studied magnetic 
inclusions is TC = 564 K and corresponds 
to TC = ~ 560 K [6].

Studies at T = 4 K showed the dependence 
of  the magnetization of  the metallographic 
thin section GaSb <Mn> on the angle of  its 
rotation to the direction of  magnetic flux and 
its practical absence at T = 300 K (Fig. 6a).

According to Fig. 6a, it is concluded that, 
at low temperatures, the crystalline anisotropy 
of  the sample is accompanied by its magnetic 
anisotropy, caused by the ordered arrangement 
of  magnetic clusters on dislocations in the 
crystallographic directions <110>.

A decrease in the magnetic anisotropy 
of  the sample with increasing temperature 
is associated with the destruction of  the 
ferromagnetism of  small clusters by thermal 
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Fig. 5. Dislocation yields on the GaSb<Mn> surface 
(×500) (a) and dislocation compositions along the magnetic 

transformation lines of  the Mn–Sb phase diagram (b).

Table 1
The chemical composition of microinclusions at 

dislocations
No of 

inclusion
% аt

Mn                        Ga                   Sb

1 48.41 51.59
2 50.52 49.48
3 66.76 33.24
4 62.10 39.90
5 48.22 51.78

1-4 The average composition, аt%

56.95 43.05

Table2
Curie temperature and type of magnetism of 

microinclusions at dislocations
No of 

inclusion
Curie temperature 

Тс, К
Type of magnetism

1 587 ferromagnet

2 573 ferromagnet

3 550 ferromagnet

4 546 ferromagnet

5 - diamagnet

Average 564 ferro-/ferrimagnet

Mn SEGREGATION ON DEFECTS OF A GaSB CRYSTALL LATTICE
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vibrations of  atoms as they approach the 
superparamagnetic state.

The measurements of  magnetic properties 
showed that, at a temperature of  T = 300 
K, the GaSb <Mn> sample still retains the 
properties of  a ferromagnet with a coercive 
force of  the soft magnetic material НС ≈ 10 
Oe (Fig. 6b).

This is also confirmed by the results 
of  calculations in [6], in which, based on 
measurements of  magnetization after cooling 
without a field (ZFC) and cooling in a field 
(FC), it was concluded that ferromagnetic 
microinclusions at room temperature are 
close to a superparamagnetic state with a 
blocking temperature of  magnetic moments 
of  ferromagnetic clusters T ≈ 300 K. The 
calculated effective size of  the blocked 
clusters is ≈ 200 nm, which is several times 
smaller than the average size of  the observed 
magnetic microinclusions at dislocations.

The Fig. 7a shows a portion of  the surface 
of  a sample with a horizontal exit to the 
surface of  a mixed linear screw dislocation 
with several spherical clusters and a diagram 
of  a rectangular hysteresis loop of  an 

information bit on one of  them. Therefore, 
spherical clusters at dislocations can be used 
as bits of  information in computer random 
access memory. 

The integration of  magnetic systems into 
semiconductor electronics involves the fusion 
of  layers of  semiconductors of  the same 
syngony with different structural parameters 
and, as a result, the formation of  a misfit 
dislocation layer between them (Fig. 7b) 
[17,18].

By varying the structural parameters of  
semiconductors, the concentration of  the 
alloying element, and the conditions for 
obtaining, it is possible to create mismatched 
base elements of  magnetoresistive random 
access memory (MRAM) of  various sizes and 
densities on dislocations.
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Fig. 6. Magnetic field dependences of  magnetization (a) and 
coercive force (b)  for a polished transverse section of  GaSb 
<Mn>  as a function of  rotation angle  at T =  4 and  300 K.

Fig. 7. Possible applications of  segregation of  magnetic 
impurities on dislocations: a - spherical clusters at the 
horizontal dislocation exit to the surface of  the GaSb <Mn> 
sample and the scheme of  the hysteresis loop of  the information 
bit on one of  them; b — mismatch dislocations at the GaSb / 

GaAs heteroboundary according to [17].
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4. CONCLUSIONS
It was found that quenching of  the 
GaSb<Mn> melt in water at a vertical location 
of  the ampoule, radial heat removal, and the 
difference in the thermal expansion coefficient 
of  the synthesized material and quartz leads to 
the formation of  (111) GaSb texture and is an 
effective method for generating high-density 
grain-forming dislocations.

Manganese atoms segregate on GaSb 
dislocations discretely with periodic spacing 
of  inclusions from each other. The size of  the 
inclusions is about 1 μm. 

According to the microanalysis data, 
inclusions at dislocations differ in composition 
and magnetic properties, but the total 
composition is close to the GaSb1,1Mn phase 
observed by the XRD method, and the 
average Curie temperature of  microinclusions 
corresponds to TC ~ 560 K, determined as a 
result of  GaSb<Mn> magnetic measurements. 

The micron sizes of  inclusions on 
dislocations bring their ferromagnetic state 
closer to the superparamagnetic state and cause 
magnetic anisotropy at low temperatures.

At room temperature, GaSb<Mn> retains 
the properties of  a ferromagnet with a coercive 
force of  soft magnetic material HC ≈ 10 Oe. 
Microswitches on dislocations can be used 
as bits of  information in computer random 
access memory. 

REFERENCES
1.	 Ivanov VA, Aminov TG, Novotortsev VM, 

Kalinnikov VT. Spintronics and spintronics 
materials. Russian Chemical Bulletin, 2004, 
53(11):2357-2405. DOI: 10.1007/
s11172-005-0135-5.

2.	 Munekata H, Ohno H, von Molnar S, 
Segmuller A, L. L. Chang,L. Esaki.  Diluted 
magnetic III—V semiconductors. Phys. 

Rev. Lett., 1989, 63:1849. DOI: 10.1103/
PhysRevLett.63.1849.

3.	 Pashkova ON, Sanygin VP, Ivanov VA 
et al. Synthesis and properties of  In1-

xMnxSb solid solutions. Inorganic Materials, 
2006, 42(5):459-462. DOI: 10.1134/
S0020168506050013.

4.	 Sanygin VP, Filatov AV, Izotov AD, Pashkova 
ON. Dislocations in Manganese_Doped 
InSb. Inorganic Materials, 2012, 48(10):977-
983. DOI: 10.1134/S0020168512100093.

5.	 Sanygin VP, Tishchenko EA, Shi Dau 
Hieu, Izotov AD. Concept of  Impurity–
Dislocation Magnetism in III–V 
Compound Semiconductors. Inorganic 
Materials, 2013, 49(1): 6-13. DOI: 10.1134/
S0020168513010147.

6.	 Paskova ON, Izotov AD, Sanygin VP, 
Filatov AV. Ferromagnetism of  GaSb 
(2% Mn) Alloy. Russian Journal of  Inorganic 
Chemistry, 2014, 59(11):1324-1327. DOI: 
10.1134/S0036023614110187.

7.	 Grigor’ev IS, Meilikhov EZ (eds.) 
Fizicheskie velichiny. Spravochnik. Moscow, 
Energoatomizdat Publ., 1991, 230 p.

8.	 Fizicheskii enciklopedicheskii slovar’. Moscow, 
Sov. Enciklopediya Publ., 1984, 944 p.

9.	 Meyer K. Fiziko-khimicheskaya kristallografiya. 
Moscow, Metallurgiya Publ., 1979, 480 p.

10.	Hall D. Vvedenie v dislokacii. Moscow,  
Atomizdat Publ., 1968, 280 p.

11.	Novikov II. Defecty kristallicheskogo stroemiya 
metallov. Moscow, Metallurgiya Publ., 1975, 
208 p.

12.	Wide J, Cerezo A, Smith GDW. Three-
dimensional atomic-scale mapping of  a 
Cottrell atmosphere around a dislocation in 
iron. Scripta Mater., 2000, 43(1):39-48. DOI: 
10.1016/S1359-6462(00)00361-4.

NANOSYSTEMS Mn SEGREGATION ON DEFECTS OF A GaSB CRYSTALL LATTICE



348

No. 3 | Vol. 12 | 2020 | RENSIT

13.	Nechaev YuS. Metallic materials for the 
hydrogen energy industry and main gas 
pipelines: complex physical problems of  
aging, embrittlement, and failure. Physics-
Uspekhi, 2007, 51(7):681-697. DOI: 
10.1070/PU2008v051n07ABEH006570.

14.	Van Buren HG. Defekty v krustallah. Moscow, 
Inostrannaya Literatura Publ., 1962, 584 p.

15.	Reed SGB. Elektronno-zondovyi mikroanaliz 
i rastrovaya mikroskopiya v geologii. Moscow, 
Tekhnosfera Publ., 2008, 232 p.

16.	Hansen M, Anderko K. Structury dvoinyh 
splavov. Spravochnik. Moscow, Gos. nauchno-
tekhnicheskoe izdatel’stvo literatury po 
chernoi i tsvetnoi metallurgii Publ., 1962, 
vol. 2, 1488 p.

17.	Wang Y. Misfit dislocation and strain 
relaxation at large lattice mismatched III-V 
semiconductor interfaces. Materials Science 
[cond-mat.mtrl-sci]. Université de Caen, 
2012, English, <tel-00779457>.

18.	Gutakovskii AK, Chuvilin AL, Se Ahn 
Song. Primenenie vysokorazreshayuschei 
elektronnoy mikroskopii dlya vizualizacii i 
kolichestvennogo analiza polei deformacii 
v geterosistemakh. Izvestiya RAN. Seriya 
fizicheskaya, 2007, 71(10):1464-1470 (in 
Russ.).

VLADIMIR P. SANYGIN, OLGA N. PASHKOVA, ALEXANDER D. IZOTOV NANOSYSTEMS


